A comparison of the osp operon in 24 Lyme disease isolates, including representatives from each of the three established species, Borrelia burgdorferi, Borrelia garinii, and group VS461, was conducted. Several properties were assessed to determine whether the variability observed in this operon was reflective of the species of the isolate. At the transcriptional level, start site and Northern (RNA) blot analyses were conducted. B. garinii and VS461 group isolates were found to possess an untranslated leader sequence 6 nucleotides longer than that observed in B. burgdorferi isolates. By Northern blot analyses all Lyme disease isolates, except the B. garinii isolate VS102, were found to produce a polycistronic full-length ospAB message. Isolate VS102 produced a truncated message lacking the ospB portion of the transcript. Southern blot analyses suggest that the deletion occurred at the DNA level and was not due to a posttranscriptional event. Analysis of the outer surface proteins by two-dimensional gel electrophoresis demonstrated that the OspB isoelectric points were variable, with the OspB ofB. garinii isolates exhibiting a pronounced acidic shift. The reactivity of different isolates to OspA and -B monoclonal antibodies and to a hyperimmune anti-ospAB serum was also variable. The results presented here demonstrate genotypic and phenotypic heterogeneity in the osp operon at both the inter-and intraspecies levels. The results have implications concerning the use of the osp genes or their gene products in the development of a Lyme disease vaccine, as diagnostic markers of Lyme disease, and in subtyping of Lyme disease isolates.
Several studies have demonstrated that Lyme disease isolates are highly heterogeneous in their phenotypic and genotypic properties (1-3, 5, 13, 16, 17, 19-21, 23, 29, 31) . Earlier studies revealed that a high degree of variability occurred in plasmid and protein profiles when different isolates were compared (3, 6, 12, 16, 33, 36) . The major outer surface proteins (Osps), OspA and OspB, have been found to vary in molecular weight, in reactivity with various monoclonal antibodies (MAbs) (2, 3, 6, 40) , and in gene sequence (4, 8, 11) . Variability in the Osps was found to be most pronounced when North American and European isolates were compared.
It was demonstrated by Postic et al. (29) , through DNA-DNA hybridization studies, that the species Borrelia burgdorfen could be divided into two species or subgroups. We demonstrated previously that Lyme disease spirochetes can be resolved into three distinct phylogenetic groups, using 16S rRNA sequence analysis, and that the evolutionary distance between these groups warranted separate species status for each (19, 20) . Recent studies utilizing DNA-DNA hybridization (2), multilocus enzyme electrophoresis (5), and arbitrarily primed polymerase chain reaction (38) (29) , and group 3 (20), respectively. Herein we will utilize the revised species nomenclature put forth by Baranton et al. (2) .
In this study, we sought to determine whether the variability in OspA and -B was reflective of the species status of an isolate and to define the potential molecular characteris-* Corresponding author. tics associated with this variability. We have compared various properties of the Osps, at both gene and protein levels, in 24 Lyme disease isolates. The isolates investigated included representatives from each of the three Lyme disease-associated species (2, 5, 19-21, 23, 38 30 V, constant) in standard TAE buffer. The DNA was transferred, fixed onto GeneScreen membranes, and hybridized at 37°C as described previously (24) . The following oligonucleotide probes were used in this study: ospA-5' (5'-GGCT GCTAACATI'Tl GCTTACATGC) targets nucleotides 46 to (24) and transferred onto GeneScreen membranes (DuPont) with the Vacugene vacuum blot system (Pharmacia), and the RNA was fixed to the membrane via UV cross-linking with a Stratalinker as described by the manufacturer (Stratagene). Hybridizations were performed at 37°C as described previously (24) .
Western blot (immunoblot) and isoelectric point analysis. (27) . Samples were solubilized in sample buffer (9.5 M urea, 2.0% Triton X-100, 5% betamercaptoethanol, 1.6% 5/7 Bio-Lyte ampholyte, 0.4% 3/10 Bio-Lyte ampholyte [Bio-Rad Laboratories]), and cellular debris was removed by centrifugation at 100,000 x g for 2 h. First-dimension tube gels consisted of 9.2 M urea, 4% acrylamide, 20% Triton X-100, 1.6% 5/7 Bio-Lyte ampholyte, 0.4% 3/10 Bio-Lyte ampholyte (Bio-Rad), 0.01% ammonium persulfate, and 0.1% N,N,N',N'-tetramethylethylenediamine (TEMED). The upper and lower reservoir buffers were 20 mM NaOH and 10 mM H3PO4, respectively. Isoelectric focusing was done at 500 V for 10 min and then at 750 V for 3.5 h. The gels were then equilibrated with Laemmli buffer (15) (15 min at room temperature), loaded onto sodium dodecyl sulfate-12.5% polyacrylamide gels, and electrophoresed in the second dimension.
RESULTS
Southern blot analysis of the osp operon. DNA digested with either HindIII, EcoRV, EcoRI, or BamHI was probed with the ospA-5', ospB-5', and ospB-3' probes. Consistent with the Northern analysis described below restricted DNA from B. garinii isolate VS102 and all group VS461 isolates did not hybridize with the ospB-5' probe ( Fig. 1) . All hybridization results are summarized in Table 2 . While all isolates were found to be hybridization positive with the ospA-5' probe, the sizes of the fragments hybridizing with this as well as other probes varied among isolates (Fig. 2) By Northern blot analysis, using the ospA-5' probe, the osp transcript was found to be approximately 1,800 nucleotides in length in all isolates except the B. garinii isolate VS102, which had a transcript of approximately 875 nucleotides. This and subsequent Northern blot analyses, using the ospB-5' and ospB-3' probes, are presented in Fig. 4 , and all hybridization results are summarized in Table 2 .
Western blot and isoelectric point analyses. The reactivity of isolates with OspA-and OspB-directed MAbs was assessed via Western blot analysis. These and subsequent immunoblot analyses are summarized in Table 3 . The OspAdirected MAb (H5332) recognized a protein in the 31-kDa range in all isolates except the group VS461 isolates, R-IP3 and R-IP21, and in B. gannii R-IP90. However, with the AB serum, OspA was detected in isolates R-IP3 and R-IP21. In isolate RIP90 an immunoreactive protein of 33.5 kDa was We have compared the relative isoelectric points of the OspA and -B proteins of 10 B. gannii VS102 and Gl, and VS461 group isolate R-IP3) are shown in Fig. 5 detected. In B. burgdorferi B31, only minor amounts of OspB are expressed. While the high-passage B31 used in this study produced only minor amounts of OspB, we did not observe a strict correlation in other isolates between passage number and OspB expression.
DISCUSSION
While variability in OspA and -B has been reported by others, it is not known whether the variability reflects the species classification of an isolate. It has been suggested that Lyme disease isolates can be subtyped on the basis of the molecular weights of the Osps and/or by their reactivities with Osp-directed MAbs (39) . Hence, it is important to determine whether subtypes based on the Osps are consistent with those obtained by other approaches (1, 2, 5, 19-21, 23, 38) . Here we present a comparative study of 24 Lyme disease isolates which have been identified previously to the species level (19) (20) (21) 23) .
Hybridization analyses utilizing both Northern and Southern blotting demonstrated sequence variability in the ospAB operon. In B. gafinii VS102, a truncated osp message was detected which did not hybridize with ospB-directed probes. The ospB probes also did not hybridize with either uncut or restricted VS102 DNA, and we were unable to amplify the operon, by polymerase chain reaction, with primers targeting various segments of the ospB gene (22) . These results suggest that a functional ospB gene is lacking. This isolate may prove useful in studying the potential role of OspB in the pathology of Lyme disease.
Two B. burgdorferi isolates, 25015 and Illinois 1, were unique among isolates of this species in that they did not hybridize with the ospB-3' probe. In a previous 16S rRNAbased phylogenetic study, these isolates were found to reside peripherally to the main B. burgdorferi cluster (21 hence, the lack of hybridization with the ospB-5' probe suggests sequence divergence in the 5' end of the gene. Sequence variability in and around this operon, even within a species, was also evident from Southern blotting of restricted DNA in that variability in the size of the hybridizing fragments was observed. In contrast to that observed for the rRNA genes (2, 19, 21, 29) (13) suggested that the OspA of this isolate was atypical, with a molecular weight of 33,500. While a 33.5-kDa protein with an isoelectric point similar to that of OspA (data not shown) was reactive with the AB serum, which recognizes both OspA and OspB, the putative OspA of R-IP90 did not react with OspA or OspB MAbs; hence, a definitive identification of this protein as either OspA or OspB has yet to be made. In addition, several other isolates which were not recognized by Osp-directed MAbs were recognized by the AB serum. These examples illustrate the potential ambiguity which can result when attempts are made to infer phylogenetic relationships on the basis of reactivity with MAbs. While serotyping has proven valuable in understanding the epidemiology of many bacterial infections and provided insight into disease processes, it is important that the terms serotype and species are not used interchangeably in the analysis of Lyme disease spirochetes.
It has been suggested that OspA and -B may prove useful in the development of a Lyme disease vaccine (9, 10) . However, as demonstrated in this study, these proteins are highly variable with regard to several properties. In fact, recent studies have demonstrated that when the Osps are used as vaccine candidates, they are not universally protective against all isolates of the same species (11) . Whether vaccination with a B. burgdorfen-derived Osp will protect against B. garinii or group VS461 isolates (or vice versa) has not yet been addressed.
It also appears that the ospAB operon, which has been proposed as a polymerase chain reaction diagnostic target (18, 25, 26, 28) , may not be sufficiently conserved to serve as a diagnostic marker. The data presented here demonstrate that significant sequence variability exists in this operon. On the basis of an alignment of osp operon sequences, it is evident that the target sequences of several previously described osp primers (14, 28) are characterized by, in some cases, as much as 29% hybridization mismatches which in many cases occur at or near the 3' end of the primer. Thus, it is likely that these primer sets would be unreliable in some cases.
The results of this study demonstrate that significant variability occurs in the ospAB operon. The variability is evident both among the Lyme disease spirochete species and within each species. Lyme disease poses a unique challenge to researchers who are seeking to develop diagnostic tools and vaccines because of the phylogenetic diversity of the organisms which cause this disease. In conclusion, while Osps A and B initially seemed attractive molecules for these goals because of their high expression levels, the heterogeneity in this gene both within and between the Lyme disease-associated spirochete species may render it an unreliable marker.
